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The carbon dioxide (C02) laser has been utilized for 
preliminary intraoperative cardiovascular applications, 
including coronary endarterectomy and ventricular en•
docardiectomy. CO2 lasers used for these applications 
have been operated in the continuous wave, chopped or 
pulsed mode at low peak powers. To evaluate the extent 
of boundary tissue injury, continuous, chopped and pulsed 
energy delivery of CO2 laser emission was used to bore 
through 1925 mm thick myocardial slices in air. Con•
tinuous, chopped and pulsed delivery at a peak power 
of 500 W or less failed to eliminate light microscopic or 
ultrastructural signs of thermal injury. Only when a high 
energy CO2 laser (pulse energy 80 to 300 mJ, pulse du•
ration 1 /l-s) was used at a peak power greater than 80 
kW were all signs of thermal injury eliminated; fur-
The 10,600 nm emission of the carbon dioxide (C02) laser 
is almost completely absorbed by the high water content of 
most biologic tissues (1). Thermal modeling consequently 
predicts a shallow depth of tissue penetration by CO2 laser 
irradiation (2); indeed, approximately 90% of CO2 laser 
energy is absorbed in the first 0.03 mm of tissue (3). Ac•
cordingly, because tissue penetration by the CO2 laser beam 
can be controlled for precise tissue ablation, the CO2 laser 
has been preferentially employed for a variety of biomedical 
applications (4-6), including microsurgical techniques in 
gynecologic surgery (7). vascular surgery (8) and neuro•
surgery (9). More recently, the CO2 laser has been inves•
tigated as a potential tool for laser coronary angioplasty 
(10-12) and endocardial decortication (13). 
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thermore, high peak power prevented thermal injury 
only when the beam was focused to achieve a peak power 
density greater than 60 kW/mm2• Under these condi•
tions, pathologic findings were identical to those ob•
served using excimer wavelengths. 
The results of these experiments indicate that: 1) con•
ventional CO2 lasers fail to minimize boundary tissue 
injury, 2) elimination of thermal injury during intra•
operative laser ablation requires that CO2 laser energy 
be focused to achieve a peak power density greater than 
60 kW/mm2, and 3) elimination of thermal injury can 
be achieved at a variety of wavelengths, provided that 
an appropriate energy profile is employed. 
(J Am Coli Cardiol1986;7:898-908) 
For most of these biomedical applications. delivery of 
CO2 laser power over time has been either constant (con•
tinuous wave) or interrupted (chopped). Thermal injury of 
the residual laser-irradiated boundary tissues is a consistent 
effect of both of these delivery modes (10-15). Pulsed en•
ergy delivery of laser wavelengths in the ultraviolet and 
visible portions of the electromagnetic spectrum have pre•
viously been shown to eliminate evidence of thermal injury 
(16-18). The present study was designed to determine if 
pulsed energy delivery could likewise diminish boundary 
tissue injury resulting from CO2 laser irradiation. 
Methods 
Lasers. Four CO2 lasers were used in this study. The 
continuous wave laser (Cavitron model AO-300A, Cavitron 
Corp.) employed has a maximal output of 22 Wand is also 
capable of chopped mode delivery at preset pulse durations 
between 100 and 900 ms. Two lasers capable of operating 
in both the continuous and pulsed modes were used. The 
first (Cooper 250Z. Cooper Laser Sonics. Inc.) delivers a 
maximal output of 30 W in the continuous mode and 250 
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W peak power in the pulsed mode. The second (Cooper 
500Z, Cooper Laser Sonics, Inc.) delivers a maximal output 
of 70 W in the continuous mode and 500 W peak power in 
the pulsed mode. The fourth laser (Tachisto System 555, 
Tachisto Laser Systems, Inc.) operates in the pulsed mode, 
delivering peak powers of up to 3 MW at a pulse duration 
of 0.001 ms. 
Average power delivery was measured from an external 
power meter or the internal laser power meter. The repe•
tition rate and pulse duration were predetermined. The av•
erage pulse energy in joules was calculated as average power 
divided by repetition rate. Mean peak power was calculated 
as pulse amplitude divided by pulse duration. This calcu•
lation assumes a square wave or ideal Gaussian laser pulse 
configuration which is not the case with any of the pulsed 
lasers used in this study. For example, the peak power 
specified by the manufacturer for the Cooper 250Z pulsed 
laser was achieved for only a small portion of the total pulse 
duration; mean peak power, calculated to be 30 to III W 
depending on the pulse duration, was therefore substantially 
less than instantaneous peak power. The shorter (by three 
orders of magnitude) pulse duration of the Tachisto laser 
results in a lesser deviation of mean from instantaneous peak 
power. Peak power density was calculated as the peak power 
divided by the incident spot size, expressed in watts per 
square millimeter. 
Myocardial tissue. "Breadloaf" slices offresh, grossly 
normal myocardium obtained from human cadavers were 
used for all experiments. Specimens were stored in normal 
saline solution until immediately before laser irradiation. 
The selection of myocardium was based on the fact that a 
standardized preparation, in this case homogeneous tissue 
with a uniform slice thickness of 0.5 cm, was required to 
provide a meaningful comparison among various energy 
profiles. Furthermore, experience both in our laboratory 
(18-20) and others (10,21,22) has consistently demon•
strated that histologic alterations resulting from laser irra•
diation are not tissue dependent; that is, for a given wave•
length and energy profile, laser irradiation of myocardium, 
atherosclerotic coronary arteries and calcified aortic valve 
leaflets produces similar histopathologic findings in all three 
tissues. 
Tissue irradiation. The myocardial specimens were po•
sitioned on an optical stage. The beam from each laser was 
focused in air onto the tissue to an incident spot size (as 
assessed from the surface area of the crater produced after 
a single emitted pulse) of O. I to 0.7 mm2. The end point 
for laser irradiation was the time required to bore through 
the 0.5 cm thick specimen and was detected by light-sen•
sitive (for the helium-neon coaxial aiming beam) or thermal•
sensitive paper placed underneath the tissue. 
Several myocardial specimens were irradiated in air be•
low the focal point of the focusing lens to increase the 
DECKELBAUM ET AL 
CARBON DIOXIDE PULSED LASER 
899 
incident spot size and correspondingly reduce the energy 
and peak power density. Spot size was progressively in•
creased from 0.6 to 7.1 mm2 while maintaining constant 
pulse energy and repetition rate. 
Analysis of tissue injury. Each specimen was examined 
in the fresh state, immediately after completion of laser 
irradiation, for gross evidence of tissue charring, defined as 
gross blackening or apparent carbonization at the perimeter 
of the tissue crater. The specimen was then cut into divided 
halves, parallel or perpendiCUlar, or both, to the laser-ir•
radiated surface. The portion to be submitted for light mi•
croscopic examination was fixed in 10% buffered formalin 
for 24 to 72 hours, cleared with xylene, impregnated with 
and then embedded in paraffin and cut at 4 f.Lm intervals. 
Sections stained with hematoxylin-eosin as well as sections 
stained with Gomori' s trichrome stain were examined by 
light microscopy. 
The remaining half of the specimen was prepared for 
electron microscopic examination. For scanning electron 
microscopy, principal fixation was carried out in 0.1 M 
cacodylate-buffered 3% glutaraldehyde (pH 7.3) for I hour 
to overnight; subsequently, the specimen was rinsed for 15 
minutes in 0.1 M cacodylate buffer (pH 7.3), postfixed with 
O. I M cacodylate-buffered I % osmium tetroxide (pH 7.3), 
washed in double distilled water and dehydrated through a 
graded series of ethanols to 100%. For scanning electron 
microscopy, after critical point drying with carbon dioxide, 
the specimen was coated with gold-palladium (40: 60) and 
examined using an AMRA Y-1000 scanning electron mi•
croscope. For transmission electron microscopy, after wash•
ing with propylene oxide, the specimen was embedded in 
LX-112 (cat. a2121O, Ladd Research Industries, Inc.). For 
orientation, I f.L sections were cut and stained with toluidine 
blue. Selected areas were cut with a diamond knife using a 
LKB Nova ultramicrotome and stained with uranyl acetate 
and lead citrate using the LKB ultrastainer. Photomicro•
graphs were taken using a JEOL 100S. 
Results 
A total of 192 slices of myocardium, 0.5 cm in thickness, 
were irradiated using an air-tissue interface. The lasers used, 
the details of the energy profile (repetition rate, pulse am•
plitude, pulse duration, average and peak powers) and the 
presence or absence of tissue charring are summarized in 
Table I. 
Continuous wave irradiation. A total of 20 specimens 
were irradiated with a continuous wave CO2 laser using 4 
to 22 W for 1 to 29 seconds. Average total energy required 
to bore through each myocardial slice was 56 ± 6 J (mean 
± SEM). Gross tissue charring was observed in each spec•
imen. Light and scanning microscopy (Fig. 1) consistently 
disclosed a superficial zone of coagulation necrosis and a 
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Table 1. Results of CO2 Laser Irradiation According to Energy Profile 
No. of Spot SIze Repetition Pulse 
Power (W) 
Energy (1) Tissue 
Laser Specimens (mm2) Rate (Hz) Energy (m1) Peak Avg (mean ± SEM) Charring 
CW 20 0.3 4 to 22 4 to 22 56 ± 6 + 
Chopped 18 0.3 7 to 22 X 103 7 to 22 2 to 11 80 ± 7 + 
Pulsed* 54 0.4 30 to 990 8 to 33 30 to 111 I to 27 22 ± 3 + 
Pulsedt 36 0.1 30 to 990 10 to 40 37 to 233 I to 38 3 ± 0.4 + 
Pulsedt 42 0.6 2 to 10 80 to 300 8 to 30 X 104 0.6 to 2 14 ± 2 0 
*Cooper 250Z; tCooper 500Z; tTachlsto System 555. Avg = average; CW = contInUOUS wave; + = present; 0 = absent. 
subjacent zone of polymorphous lacunae (so-called acoustic 
injury). 
Chopped mode irradiation. A total of 18 specimens 
were irradiated with a continuous wave CO2 laser operating 
in the chopped mode at a repetition rate of 1 Hz and a pulse 
duration of 100 to 500 ms. Peak power was 7 to 22 W, 
similar to the average power output when operated in the 
continuous mode. Average power was 2 to 11 Wand bore•
through time was 8 to 82 seconds. Energy required to bore 
through each myocardial specimen was 80 ± 7 1. Gross, 
light microscopic and ultrastructural findings (Fig. I) were 
similar to those observed with the uninterrupted continuous 
mode. 
Pulsed energy delivery: high repetition rate, low peak 
power (Cooper 250Z). A total of 54 specimens were ir•
radiated with a pulsed CO2 laser (Cooper 250Z) operating 
at high repetition rates and relatively low peak powers. 
Repetition rate varied from 30 to 990 Hz, pulse energy from 
8 to 33 rnJ and pulse duration from 0.1 to 0.9 ms. Calculated 
average power and average peak powers were 1 to 27 and 
30 to III W, respectively. Bore-through time ranged from 
0.5 to 33 seconds. Average total energy required to bore 
through each myocardial slice was 22 ± 31. Gross, light 
microscopic and ultrastructural examinations (Fig. 2) con•
sistently disclosed signs of thermal injury, indistinguishable 
from that observed with continuous or chopped laser op•
eration. 
Pulsed energy delivery: high repetition rate, low peak 
power (Cooper SOOZ). A total of 36 specimens were ir•
radiated using a pulsed laser (Cooper 500Z) operating at 
repetition rates identical to and peak powers slightly greater 
than those of the pulsed laser previously described (Cooper 
250Z). Pulse energy was 10 to 40 rnJ, pulse duration was 
0.1 to 0.9 ms, calculated average power was 1 to 38 Wand 
average peak powers were 37 to 233 W. Bore-through time 
was 0.5 to 12 seconds. Average total energy required to 
bore through each myocardial slice was 3 ± 0.4 1. Gross, 
light microscopic and ultrastructural examinations consist•
ently disclosed signs of thermal injury, indistinguishable 
from those observed with the lower instantaneous peak power 
(Cooper 250Z) pulsed laser. 
Pulsed energy delivery: low repetition rate, high peak 
power. A total of 64 specimens were irradiated with a 
pulsed CO2 laser operating at low repetition rates and rel•
atively high peak powers (Tachisto). Forty-two of these 
specimens were irradiated at the focal point of the lens used 
to focus the laser beam. Repetition rate ranged from 2 to 
10Hz; pulse amplitude ranged from 80 to 300 m]; pulse 
duration was 0.001 ms. Calculated average power was 0.6 
to 2 W, and calculated average peak power was 80 to 300 
kW. The average total energy required to bore through each 
slice was 14 ± 21. Bore-through time for each 5 mm thick 
slice was 3 to 66 seconds. Gross evidence of tissue charring 
was not observed in any specimen. Light and scanning elec•
tron microscopic examination (Fig. 3) revealed precise cra•
ter margins; coagulation necrosis and polymorphous lacunae 
were never observed in any specimen. In contrast to con•
tinuous, chopped or relatively low peak power pulsed de•
livery of CO2 emission, in which cases microscopic signs 
of thermal injury lined the walls of the crater from the entry 
site to the exit site, pathologic alterations resulting from 
high peak power/low repetition rate pulsed delivery were 
not observed within the crater (that is, below the impact 
surface). Transmission electron microscopic examination of 
sections taken less than 2 mm lateral to the crater margin 
disclosed no ultrastructural signs of myocyte injury (Fig. 
3). In occasional specimens, myocytes at the perimeter of 
the crater had a "ground glass" or amorphous appearance 
(Fig. 4). Scanning electron microscopy in such cases (Fig. 
4) demonstrated a corresponding flake-like coagulum, lim•
ited to the crater margin at the site of laser impact (entry 
site). These gross, light microscopic and ultrastructural find•
ings were indistinguishable from those observed previously 
using excimer and neodymium:yttrium-aluminum garnet 
(Nd: Y AG) lasers at high peak powers and low repetition 
rates (Fig. 5). 
Effect of peak power density. Finally, a total of 22 
specimens were irradiated at low repetition rate (10 Hz) and 
high peak power (180 to 225 kW) (Tachisto System 555 
laser) below the focal point of the lens (Table 2). Measured 
incident spot sizes were progressively increased from 0.6 
to 1.2,2.5,3.1,4.2 and 7.1 mm2, resulting in a progressive 
decrease in power density; accordingly, the time and energy 
required to bore through each myocardial specimen pro•
gressively increased as shown in Figure 6. Light (Fig. 7) 
and scanning microscopy disclosed signs of thermal injury 
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Figure 1. CO2 laser irradiation of myocardium. Top panels, Continuous wave using 6 
W for 5 seconds. Bottom panels, Chopped delivery using I Hz, 2.2 W, 100 ms exposures 
for 22 seconds. Left panels, The characteristic light microscopic findings of thermal 
injury are observed with both continuous wave and chopped delivery, including a su•
perficial zone of coagulation necrosis (CN) at the perimeter of the crater, and a subjacent 
zone of polymorphous lacunae (PL). Right panel, Findings by scanning electron mi-
croscopy are identical with both delivery modes: superficial coagulum and lacunar injury 
are observed at the perimeter of the hemic rater entry site and along the walls of the crater. 
(Left top and bottom, Hematoxylin-eosin stain, original magnification x 10; right top, 
original magnification x 29.1; right bottom, original magnification x 75.1. All reduced 
by 25%.) 
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when the spot size was 3,1 mm2 or more. This spot size 
corresponded to a peak power density less than 60 kW/mm2 . 
At a peak power density greater than 60 kW/mm2 , signs of 
thermal injury were consistently eliminated. At a focal spot 
size of 7.1 mm2 (peak power density = 25 kW/mm2) , 
energy density was insufficient to bore through a 5 mm 
myocardial slice, even after 120 seconds oflaser irradiation 
(fluence = 30 J/mmZ). 
Discussion 
The results of this investigation indicate that COz laser 
irradiation of cardiovascular tissues consistently results in 
thermal injury of boundary tissues when energy delivery is 
continuous, chopped or pulsed at relatively low peak powers 
«500 W). In contrast, when COzlaser irradiation is pulsed 
.; 't ~ ",t>,~ • 
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Figure 2. Light (top) and scanning electron (bottom) microscopic 
findings after CO2 irradiation of myocardium using pulsed energy 
delivery at a low average power and a high repetition rate. Top, 
Zone of coagUlation necrosis (CN) and polymorphous lacunae (PL) 
are observed using an average power of 1 W, 100 Hz, 0.1 ms 
pulses for 6 seconds. Bottom, Low and high power views of 
hemicrater accomplished using an average power of 1 W, 30 Hz, 
0.9 ms pulses for 9 seconds. Findings are similar to those observed 
in Figure 1. (Top, Hematoxylin-eosin stain, original magnification 
x 10; bottom left, original magnification x 39; right, original 
magnification x 101. All reduced by 30%.) 
at high peak powers (2:80 kW) and low repetition rates (2 
to 10 Hz), all signs of thermal injury are eliminated. Fur•
thermore, high peak powers prevent thermal injury only 
when the COz beam is focused to achieve a peak power 
lACC Vol 7, No 4 
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Figure 3. Light microscopic (top panels) and ultrastructural (bot•
tom right) findings after CO2 laser irradiation of myocardium using 
pulsed energy delivery at a high peak power and a low repetition 
rate. Top panels, Pulse energy = 180 ml, repetition rate = 10 
Hz; bottom left, pulse energy = 80 rnl, repetition rate = 10 Hz. 
Signs of thermal injury, induding coagulation necrosis and poly•
morphous lacunae, are absent from both light (top) and scanning 
electron (bottom left) microscopic examination of the perimeter 
of the crater. Bottom right, Representative transmissIon electron 
photomicrograph of a section taken from a site approximately 1 
mm lateral to the crater margin, after pulsed CO2 irradiation of 
myocardium, using a pulse energy of 180 ml and a repetition rate 
of 2 Hz; no pathologic alterations are observed. (Top left, he•
matoxylin-eosin stam, original magnification x 10: top right, he•
matoxylin-eosin stain, original magnification x 64; bottom left, 
original magnification x 65; bottom right, origmal magnificatIOn 
x 10,600. All reduced by 30%.) 
density greater than 60 kW/mm2. These findings are note•
worthy for several reasons. 
Thermal injury from conventional pulsed CO2 las•
ers. First, the results of this study suggest that regardless 
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of the energy profile used to deliver infrared radiation from 
any of the CO2 lasers conventionally employed for biomed•
ical applications, thermal injury to boundary tissues persists. 
Specifically, periodic interruption of a continuous wave laser 
(chopped mode) or pulsed delivery at peak powers up to 
500 W fail to eliminate the typical gross, light microscopic 
and ultrastructural signs of thermal injury seen when the 
CO2 emission is delivered in a continuous mode. Only when 
a nonconventional biomedical CO2 laser capable of gener•
ating peak powers in the kilowatt range is employed can 
repetition rate and cumulative exposure both be reduced to 
the point that heat dissipation from the boundary tissues is 
adequate to prevent thermal injury. 
Thermal injury as a function of energy profile at other 
wavelengths. Our findings are consistent with previous ob•
servations utilizing ultraviolet and visible wavelengths 
(16-18). In these previous experiments, grossly visible 
charring was observed at all laser wavelengths when the 
laser temporal energy profile was continuous or pulsed at 
high repetition rates (22 kHz) with low peak powers (::;20 
kW). Charring was absent when laser irradiation was de-
904 DECKELBAUM ET AL 
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Figure 4. Worst case scenario of boundary tissue 
injury resulting from irradiation of myocardium using 
a CO2 laser at a high pulse amplitude (200 mJ) and 
a low repetition rate (2 Hz). Light microscopy (top) 
discloses focal "amorphous" or "ground glass" al•
teration (enclosed by arrows) in myocytes at perim•
eter of tissue crater. Scanning microscopy (bottom) 
demonstrates a corresponding flake-like coagulum 
along the arc of the tissue crater enclosed by arrows. 
(Top, hematoxylin-eosin stain, original magnifica•
tion x 64; bottom, original magnification x 104. All 
reduced by 30%.) 
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livered in the pulsed mode at low repetition rates (::;200 
Hz) and high peak powers (2':700 kW), independent of the 
emitted wavelength (193, 248, 308, 351, 355, 532, 1,064 
nm). Thus the second point of the present study is to dem•
onstrate that this concept extends to the infrared portion of 
the spectrum: so-called clean cutting is not unique to the 
Figure S. Effect of energy profile on 
tissue injury. Multiple laser energy pro•
files are represented by a range of rep•
etition rates (Hz) and peak powers (W). 
Each box represents a range for an ex•
cimer, Nd-YAG, argon or CO2 laser; 
the wavelength (nm) is denoted beside 
each laser type. Laser energy profiles in 
the upper left comer indicate that char•
ring of boundary tissue was eliminated 
with pulsed energy delivery at a high 
peak power and a low repetition rate, 
over a range of wavelengths ranging from 
248 to 10,600 nm. (Raw data for the 
excimer, Nd-Y AG and argon lasers from 
Ref. 17.) 
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Table 2. Effect of Peak Power Density on Tissue Injury* 
Spot Size No. of RepelIlIon Pulse 
Power 
DECKELBAUM ET AL 
CARBON DIOXIDE PULSED LASER 
Energy (J) PPO Tissue 
905 
(mm") Speclmem, Rate (Hz) Energy (mJ) Peak (kW) Avg (W) (mean ± SEM) (kW/mm2) Charring 
0.6 6 10 180 180 1.8 5 ± 1 316 0 
1.2 2 10 180 180 1 8 9 ± 2 150 0 
2.5 5 10 225 225 2.3 16 ± 3 90 0 
3 1 6 10 180 180 1.8 42 ± 4 58 + 
42 6 10 180 180 I 8 59 ± 7 43 + 
7.1 3 10 180 180 1.8 ONBT 25 + 
*Tachisto System 555 ONBT = did not bore through tissue. PPO = peak power density; other abbreViations as in Table 1. 
excimer or any other laser, but can be achieved at any 
wavelength, provided an appropriate energy profile is em•
ployed. 
Peak power density. Third, our findings demonstrate 
that, in addition to considerations involving the particular 
energy profile of the beam of light as it is emitted from the 
laser, characteristics of the beam at the point of impact with 
the target tissue are critical. Specifically, regardless of the 
peak power generated by the laser, peak power density at 
the site of tissue impact, according to these results, must 
be maintained at a minimum of 60 kW/mm2. (With the 
particular lens and energy profiles utilized in the present 
study, this required irradiation of tissues s3 cm proximal 
or distal to the focal point of the lens.) Further defocusing 
diminishes photon density to the point that progressively 
longer cumulative exposure is required to accomplish the 
same extent of tissue vaporization. The consequence of such 
protracted exposure is gross or light microscopic evidence. 
or both, of thermal injury. From a practical standpoint. these 
results suggest that the clinical practice of defocusing the 
CO2 beam to achieve a larger spot size, and thus irradiate 
a larger area of tissue, exacerbates thermal injury of boun•
dary tissue sites. 
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Mechanism of laser tissue ablation. Fourth, the results 
of these experiments have certain implications regarding the 
mechanism responsible for tissue ablation unaccompanied 
by thermal injury. The demonstration of light microscopic 
and ultrastructural results similar to those observed with 
excimer or high peak power Nd:YAG or CO2 laser irradia•
tion has been attributed to one of two mechanisms. Several 
investigators (23-25) have suggested that thermal injury of 
boundary tissues can be avoided when exposure time utilized 
for each pulse is shorter than the thermal relaxation time 
(characteristic time for first order thermal diffusion) of the 
irradiated tissue. Alternatively. other investigators (26-29) 
have suggested that the photon density resulting from 
kilowatt or megawatt peak powers characteristic of thermal 
injury-free pulsed systems may ablate tissue by a nonthermal 
(photochemical) or photodisruptive process. The photons 
that constitute the lO,600 nm emission of the CO2 laser have 
relatively low photon energy (sO.1 eV) compared with 
photons emitted from the excimer laser (photon energy ap•
proximately 6 eV). It is unlikely that such low photon energy 
would be capable of photochemical bond breaking. except 
for exceedingly low probability multi photon effects. Con•
sequently, these experiments suggest that the absence of 
I 
280 320 
Figure 6. Effect of peak power density on the 
time required for tissue ablation. The time re•
quired to bore through each myocardial speci•
men in seconds increased progressively as peak 
power density -decreased from 316 to 43 kW/mm2. 
As peak power density decreased below 60 
kW/mm2, the bore-through time increased mark•
edly and tissue charring became evident. 
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Figure 7. Effect of progressive diminution in peak power density on tissue injury. CO2 laser 
irradiation of myocardium was performed at a peak power of 180 to 225 kW (see Table 2) 
and a repetition rate of 10 Hz. Measured incident spot sizes (indicated in square millimeters 
at the bottom right corner of each frame) were progressively increased from 0.6 to 7.1 mm2• 
The corresponding decrease in power density resulted in light microscopic signs of thermal 
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injury when spot size was 3.1 mm2 or greater. This spot size corresponded to a peak power 
density less than 60 kW/mm2 . (All hematoxylin-eosin stained; top and bottom left, top and 
bottom middle and top right, original magnification x 10; bottom right, original magnifi•
cation x 25. All reduced by 35%). Abbreviations as in Figure l. 
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thermal injury accomplished with the high energy pulsed 
CO2 laser is the result of a thermal process (30,31) in which 
thermal diffusion has been optimized. 
Additional considerations. The present study suggests 
that energy delivery of the 10,600 nm CO2 emission can be 
optimized sufficiently to obviate consideration of alternative 
infrared sources for controlled tissue ablation (32). On the 
other hand, the twin difficulties of transmitting the 10,600 
nm CO2 wavelength along an optical fiber and employing 
CO2 irradiation in a fluid-filled system are not solved by the 
high energy CO2 delivery system utilized in this study. The 
augmented peak powers employed to prevent thermal injury 
may in fact exacerbate difficulties inherent in fiber trans•
mission of infrared wavelengths (33). Nevertheless, the re•
sults of intraoperatively applied CO2 laser irradiation 
(13,20,34), because neither fiberoptic transmission nor ir•
radiation in a fluid-filled medium is an issue, might be 
enhanced using a high energy pulsed CO2 laser. Potential 
advantages of reduced injury to boundary tissues include a 
potentially less thrombogenic residual surface and poten•
tially more benign healing; most important, in the case of 
intraoperative laser angioplasty, the risk of arterial perfo•
ration might be reduced by eliminating thermal injury to 
nontarget (for example, normal arterial wall) sites. It must 
be acknowledged, however, that preliminary (albeit short•
term) follow-up studies of atherosclerotic rabbit arteries in 
which Sanborn et al. (35) performed thermal angioplasty 
demonstrated reendothelialization as early as 2 weeks and 
no evidence of restenosis over a period of 4 weeks. 
The potential advantages of pulsed laser energy delivery 
thus remain to be confirmed by a similar series of long-term 
animal investigations. Likewise, while previous studies in 
our laboratory (16-20) have indicated evidence that the 
anatomic consequences of individual energy profiles are 
tissue independent, further studies are required to confirm 
that the results described here for myocardium can be con•
sistently achieved in coronary artery segments narrowed by 
heterogeneous atherosclerotic plaque. 
The generous cooperation of Bruce Anderson of Cooper Laser Sonics, 
Inc., and Lamar Bullock, PhD of Tachisto Laser Systems, Inc., is gratefully 
acknowledged, as is the generous access provided by Peter Libby, MD 
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